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Introduction:
Monocytes fulfil important functions in the defense against pathogens by linking innate to adaptive immunity.(1) Their plasticity and inherent heterogeneity allows monocytes to give rise to tissue-resident macrophages and dendritic cells (DC). Monocytes traffic to the liver under normal conditions and this increases markedly in response to liver injury. (8, 9) We previously showed that monocyte subpopulations differentially accumulate in the inflamed liver although the mechanisms that control their recruitment and positioning are poorly understood. (10) Hepatic sinusoidal endothelial cells (HSEC) differ morphologically and functionally from endothelial cells in other vascular beds and actively control the translocation of circulating immune cells from the sinusoids into the liver parenchyma. (11) .(12) Importantly, HSEC modulate local immunity by, for instance, skewing Th1 and Th17 responses to to induce suppressive T-cells thereby contributing to the prevailing immune regulatory hepatic microenvironment. (13, 14) We hypothesized that transendothelial migration across activated HSEC shapes monocyte fate and differentiation thereby regulating hepatic immune responses.
Because monocytes not only migrate from blood into tissue but also undergo reverse transmigration out of tissue into the blood we studied uni-and bidirectional migration of monocyte subsets across human HSEC to determine how these processes affect
Materials and Methods
Isolation and culture of endothelial cells:
HSEC were isolated from human explanted or resected liver and surplus donor tissue as previously described. (15) Briefly, parenchymal cells were isolated from collagenase-digested tissue over a 33/77% Percoll gradient (Amersham Biosciences, GE Healthcare, Little Chalfont, U.K.) and magnetic selection with antibody HEA125 (Progen Biotechnik, Germany) used to deplete cholangiocytes followed by anti-CD31 selection of HSEC (Invitrogen, Paisley, U.K.) and culture in human endothelial basal growth medium (EBM, Invitrogen), 10%
(v/v) heat-inactivated AB human serum (HD Supplies, Glasgow, U.K.), 10 ng/ml vascular endothelial growth factor (VEGF), and 10 ng/ml hepatocyte growth factor (HGF) (PeproTech, Peterborough, U.K.) in collagen-coated culture flasks. All human tissue and blood was collected with local research ethics committee approval and patient consent. RT and SE-monocytes were counted and subjected to further analysis or in vitro experiments. Trypan Blue exclusion confirmed viability.
Statistical analysis
Student t test and GraphPad Prism software was used to compare numerical variables between two groups and one-way analysis of variance followed by Bonferroni's post-test for comparisons between more than two groups. Results are expressed as mean ± standard error of the mean. P <0.05 was considered statistically significant. * P<0.05, ** P<0.01, ***
P<0.001
For further information on materials and methods please refer to supporting data provided with the full version of the manuscript
Results

Intrahepatic accumulation of monocytes/macrophages is driven by activated endothelial cells
In order to study the fate of monocytes after transmigration to the subendothelial compartment we established a model of monocyte transmigration and reverse transmigration
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involving primary human HSEC, adapted from Randolph et al. (17) Monocytes were allowed to migrate across activated HSEC and a thin layer of fibronectin into a 3D collagen scaffold.
After depletion of non-migrating cells and 2 days of continued co-culture, resident monocytes from the subendothelial compartment (SE-monocytes) and monocytes that underwent spontaneous reverse transmigration (RT-monocytes) from the subendothelial compartment back through the endothelial layer were harvested. To verify that RT-monocytes had sampled the subendothelial compartment, and had not simply detached from the endothelial monolayer, we supplemented the collagen scaffold with FITC-labeled zymosan particles and tracked the localization of phagocytic monocytes/macrophages. Migration into zymosansupplemented collagen increased the number of retained subendothelial cells most of which were CD16 low . The RT-monocytes contained zymosan albeit at lower levels than the SEmonocytes and were predominantly CD16 high (Figure 1B) . Long-time imaging could visualize forward and reverse transmigration of monocytes across HSEC under cell-culture conditions (supplementary video). In order to confirm that the TEM was an active process we reduced migration in both directions by inhibiting JAK-STAT signaling, which is required for macrophage TEM (18) (Supplementary Figure S1) . Interestingly, direct comparison of cell compartimentalization after monocyte TEM across HSEC or HUVEC revealed, that HSEC clearly favor subendothelial retention (90% SE-monocytes), whereas HUVEC permitted approximately 50% of monocytes to reverse transmigrate ( Figure 1C) . To mimic the inflammatory environment present in the subendothelial compartment during liver disease, the collagen matrix was supplemented with conditioned medium of activated primary liver myofibroblasts (aLMF). TNFα/IFNγ-stimulation of aLMF led to a profound increase the total number of transmigrating cells though the ratio of RT/SE was not significantly altered (Supplementary Figure S2) . These data demonstrate that after active recruitment across HSEC monocytes differentiate into either sessile macrophage-like cells with high phagocytic capacity or mobile dendritic-like cells. Recruitment is augmented by cell-derived chemotactic stimuli.
Reverse transmigrating monocytes express CD16 and can be derived from all monocyte subsets
The majority of SE (mean 78.9% ± 9.8%) monocytes were 'classical' CD14 ++ CD16monocytes whereas 69.4% (± 12.6%) of RT-monocytes were 'intermediate' CD14 ++ CD16 + and few were 'classical' monocytes. Very few cells in either compartment were non-classical CD14 + CD16 ++ cells suggesting that this subset does not readily undergo TEM (Figure 2A) . suggesting that CD16 expression is associated with the ability to undergo RT. Most RTmonocytes were CD16+ indicating that these cells gain CD16 expression either during TEM or in the subendothelial space and that this confers on some cells the ability to undergo reverse transendothelial migration ( Figure 2C ).
Reverse transmigration of monocytes across HSEC imparts a phenotype consistent with immature dendritic cells
We analyzed the different subsets for features of DC differentiation to see if reverse transmigration selects monocytes with the capability to become DC and to re-enter the vasculature before being recruited to lymph nodes through high endothelial venules. (17) Both RT and SE-monocytes expressed high levels of MHC Class II and CD40 (Figure 3) .
CD86 (B7-2) was expressed at higher levels on SE with little CD80 (B7-1) or CD83 detected on either subset. RT-monocytes expressed higher levels of two scavenger receptors: the mannose receptor (CD206) and CD163, both of which are associated with alternatively activated macrophages while CD206 is also present on immature DCs. Neither RT nor SE cells expressed high levels of DC-SIGN (CD209). The classical macrophage marker CD68
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was expressed at similar levels on both SE and RT-monocytes. CD11b (Mac-1) and CD11c are integrin alpha chains that form heterodimers with CD18 and bind complement and ICAM-1. CD11c expression is characteristic of DCs and was detected at high levels on RTmonocytes. CCR7 and CCR8 regulate homing of DC to the afferent lymph node. (19) CCR8
was expressed at higher levels on RT-monocytes suggesting that CCR8 might be involved in reverse transmigration. There were no detectable differences in expression of CCR7 or CCR5 on RT versus SE cells and neither subset expressed CCR2 (data not shown). RTmonocytes tended to express higher levels of CX3CR1 and macrophage-colony-stimulating factor receptor (CD115) both of which are characteristic of DC. (20) Thus SE and RT cells are similar in terms of co-stimulatory molecule expression although the RT-monocytes have characteristics of promigratory, DC-like cells.
RT but not SE-monocytes induce robust T-cell proliferation
We compared RT monocyte with SE cells for their ability to induce CD4 + T-cell proliferation, a defining feature of DCs. While SE-monocytes had little effect on T-cell proliferation RTmonocytes induced potent proliferative responses after pulsing with pp65 ( Figure 4A) . We saw a similar although weaker effect in an allogeneic T-cell response ( Figure 4B) . Thus DClike function resides in the RT population. In the presence of SE-monocytes T-cell proliferation in response to either OKT3 or CD3/CD28 stimulation was significantly suppressed at T-cell ratio/monocyte ratios of 1:1 and below, whereas RT-monocytes amplified baseline proliferation of CD4 + T-cells ( Figure 4C) . The inhibitory effect of SEmonocytes was not due to the induction of apoptosis in CD4+ T-cells ( Figure 4D ).
RT-monocytes are capable of inducing CD4 + T-cell activation whereas SE macrophagelike monocytes dampen activation
Having observed that RT but not SE-monocytes can induce antigen-specific CD4 + T-cell proliferation we next compared the ability of SE and RT-monocytes to drive T-cell activation
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using CD14 + monocytes from CMV-seropositive donors (Figure 5A ). RT-monocytes
activated CD4 + T-cells as demonstrated by upregulation of the late-activation markers CD25
and HLA-DR whereas SE-monocytes had no effect on activation and suppressed expression of the mid-early T-cell activation marker CD71 (Figure 5B,C) . We observed similar effects in an allogeneic system (data not shown). To obtain insights into the consequences of T-cell activation by RT-monocytes we quantified changes in genes involved in T-cell differentiation. fold increase, respectively compared with cells stimulated with SE monocyte) ( Figure 5D ).
SE-monocytes increased expression of
These genes are associated with T cell memory and effector function and promote clonal expansion and T cell survival. 21, 22 Cells co-incubated with RT-monocytes also increased expression of several genes that drive Th2 commitment, including IL13, IRF4, GFI1, IL4R
and IL13RA1 ( Figure 5D ) whereas genes that counteract Th2 polarization (POU2F2 and RUNX1) were more highly expressed in T-cells co-cultivated with SE-monocytes.
Reverse transmigrating monocytes induce effector T-cells with Th1-like features
To further characterize the CD4 + T-cell antigen-specific response driven by RT-monocytes we assessed the release of cytokines by activated T cells upon co-culture with CMV pp65 exposed autologous RT/SE-monocytes. RT-monocytes induced a significantly higher proportion of IFN-γ producing T-cells than SE-monocytes suggesting Th1 polarization ( Figure 6A ) although responding CD4 + T-cells also increased CTLA-4 and FOXP3 expression, genes that are linked to regulatory T-cells but also upregulated during early T cell activation. In line with proliferation assays described above, we suggest that RTmonocytes induce activated effector CD4 + T-cells rather than a suppressive phenotype (Figure 6B,C) . Despite a genetic profile compatible with Th2 commitment we failed to detect
Page 12 of 46
Hepatology Hepatology This article is protected by copyright. All rights reserved. Figure 6C) . Consistent with local IFN-γ secretion the RT-monocytes in the co-cultures showed significantly increased levels of programmed death-ligand 1 (which is strongly induced by interferons) compared with SEmonocytes ( Figure 6D) , whereas its cognate ligand PD-1 was not regulated on co-cultivated CD4 + T-cells ( Figure 6E) . Comparing HSEC-and HUVEC-shaped monocytes we observed that SE-monocytes derived from HUVEC-interaction were able to elicit IFN-γ-secretion by autologous CD4 + T-cells indicating that failure to induce trans Th1 response is a unique feature of liver-specific endothelium ( Figure 6F ). We conclude that RT-monocytes effectively (Figure 7A-C) .
IL-4 in CD4 + T-cells stimulated with RT-monocytes (
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Functional disparities between RT and SE-monocytes are reflected by extensive transcriptional differences.
To get a more profound insight into the effects of TEM on monocytes we analyzed transcriptional differences between RT and SE-monocytes belonging to the different subsets.
Intermediate CD14 ++ CD16 + contained the most distinct gene signature with 432 genes more than 10-fold upregulated and 1179 genes more than 10-fold downregulated when comparing SE and RT-monocytes whereas around 200 genes were differentially expressed (> 10-fold) between SE and RT-monocytes in both CD14 ++ CD16and CD14 + CD16 ++ monocytes. RTmonocytes originating from all subsets displayed increased CCL3, CCL4, CXCL1, CXCL2
and IL-8, and proinflammatory genes including TNF family members and IL-1 compared with SE-monocytes. CD14, which is typically maintained in macrophages that do not follow the DC-pathway, was consistently upregulated on SE-monocytes of all subsets. In line with the immunosuppressive phenotype of SE-monocytes they expressed 15-fold higher levels of SIGLEC-7, a marker of anti-inflammatory macrophages (supp. into blood by reverse transmigration from the abluminal to luminal side of the endothelium, a process that may also have a major effect on differentiation and function and which has been proposed as a route for DC emigration from the liver into lymph nodes. (26) We used a model system incorporating human HSEC to show for the first time that monocytes are able to undergo bidirectional migration through hepatic endothelium with a significant number of transmigrated monocytes migrating back in the abluminal to luminal direction. Migratory stimuli from activated liver stromal cells presumably augment monocyte recruitment. Migration in both directions was partly dependent on JAK-STAT signaling confirming that it is an active process. We suggest that these processes are likely to be highly relevant to immune surveillance and inflammatory responses because they determine the function of the cells and give rise to important differences between tissue monocytes and those that exit the liver through reverse transmigration and may then enter draining lymph nodes.
The phenotype of SE-monocytes (CD163 lo , HLA-DR hi , CD86 med and CD83 neg ) was reminiscent of subsets of hepatic monocyte-derived macrophages described earlier. (10) Furthermore, monocytes that remained in the subendothelial compartment demonstrated high phagocytic activity, were largely refractory to LPS treatment and failed to stimulate Tcell activation whereas RT-monocytes were proinflammatory and induced robust CD4 + T-cell activation and proliferation. This is consistent with previous experiments using umbilical vein endothelial cells in which CD16 + migratory pre-DCs undergo reverse transmigration and in which postmigratory monocytes exhibit features of foam cell macrophages. (17, 27) In our study the RT-monocytes were CD16 + and experiments in which the starting population consisted of highly pure subsets confirmed that some CD16cells can became CD16 + during the process of RT. This suggests that CD16 expression is associated with a migratory phenotype and transcriptome analysis of these cells showed that they secrete a range of chemokines which could be involved in autocrine or paracrine migratory responses. The CD14 ++ CD16monocytes that failed to undergo reverse TEM expressed higher levels of
Page 15 of 46
STAT2, which is known to counteract differentiation of monocytes to DCs and these cells engulfed more zymosan particles than the CD16 + cells that underwent RT consistent with a macrophage phagocytic function. (18) We found that TEM across HSEC modulates cellular function and phenotype rather than simply selecting pre-existing subsets. CD14 ++ CD16monocytes gained CD16 expression during reverse transmigration from the basal to apical side of the endothelium and showed reduced inflammatory cytokine secretion when residing in the subendothelial matrix. 'Nonclassical' CD16 hi monocytes have been reported to be highly motile, crawling along blood vessels, and have the highest capacity to elicit T-cell proliferation. MYD88, which links TLR-mediated signals to NFκB activation. Of note, some genes were expressed by all RT-monocytes regardless of their CD14/CD16 status. These included CCL3, CCL4 and IL1B, suggesting that reverse transmigration itself activates a specific pattern of genes in originally distinct subpopulations.
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Functionally RT and SE-monocytes resembled CD16and CD16 + subsets respectively, due to overlapping patterns of cytokine response upon LPS challenge for example. (38, 39) However, meticulous transcriptome analysis of highly pure sorted subsets indicated that the monocyte phenotypes described here are not a consequence of selection of pre-existing subsets by HSEC but driven by the transmigration process itself, given the vast differences between RT and SE-monocytes derived from the same subset.
In summary, the outcome of monocyte/HSEC interactions is dichotomous and yields immunogenic DC-like cells that potentially drive systemic immune response but also cells that resemble regulatory macrophages that dampen local inflammation. We provide evidence that the retention of immunosuppressive macrophages might be a unique feature of the hepatic endothelium. Thereby, we provide a novel mechanism through which sinusoidal endothelial cells can regulate the balance between immunity and tolerance.
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This article is protected by copyright. All rights reserved. Long-term imaging of bidirectional monocytic migration across HSEC Fibronectin-coated collagen matrix was prepared as described above and added to 24-well plate. 7.5x10^5 primary HSEC were seeded onto polymerized collagen plugs in a 24-well plate and grown confluent and subsequently stimulated with 10 ng/mL TNFα + IFNγ for 
Figure legends
